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Abstract . 

A.FOSR-TR.  8  9-  10  13 

During  the  tenure  of  this  grant  period,  extending  previous 
studies,  a  novel  physiological  regulatory  function  of  a  specific 
DNA  binding  nuclear  protein,  ADPRT,  has  been  uncovered,  which  can 
explain  its  cell  physiological  role  as  a  gene  regulator  by  way  of 
topological  modification  of  DNA  structure.  The  relevance  of  this 
approach  to  the  general  theme  of  chromatin  toxicology  consists  in 
the  fact  that  subtle  cellular  responses  to  environmental  and 
genetic  factors  do  not  necessarily  lead  only  to  a  short  term 
lethal  outcome,  but  may  result  in  sustained  alteration  of  gene 
expression,  leading  to  degenerative  diseases  and  cancer.  It  was 
assumed  that  an  understanding  of  molecular  mechanisms  that  lead 
to  these  conditions  will  allow  us  to  develop  molecular 
pharmacological  means  to  prevent  or  reverse  pathophysiological 
processes.  Results  obtained  during  this  research  period  provide 
evidence  that  supports  above  prediction.  As  in  the  past,  we 
proceed  simultaneously  along  molecular  enzymological  and  cell 
biological  lines,  and  this  concerted  approach  is  probably  the 
reason  for  significant  new  development. 

Briefly,  we  have  developed  a  rapid  isolation  procedure  for 
ADPRT  (ref.  196)  and  in  possession  of  relatively  large  quantities 
of  this  protein  determined  its  binding  and  domain  structure  (189, 
193,  194,  195,  197,  199),  which  lead  to  the  identification  of  the 
most  probable  predominant  cellular  function  of  this  protein, 
consisting  of  a  topological  regulation  of  DNA  structure  (198). 
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Cell  biological  correlations  (187,  192),  notably  the  inhibition 
of  malignant  growth  by  specific  ligands  of  ADPRT  (185,  191)  lead 
to  a  molecular  pharmacological  approach  to  the  control  of 
neoplasia  and  more  recently  of  DNA-  and  retro-viral  DNA 
synthesis,  research  that  is  being  conducted  beyond  the  scope  of 
the  present  report. 
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Detailed  Report. 


The  rationale  followed  here  is  to  analyze  significant  aspects 
of  published  work,  IN  ORDER  TO  delineate  progress  and  forecast 
future  plans. 

I.  Molecular  Structure  and  Catalytic  Activities  of  ADPRT . 

One  of  the  main  obstacles  to  progress  in  the  field  of  the 
molecular  enzymology  of  ADPRT  was  the  clumsiness  of  its  isolation 
in  molecularly  homogeneous  form.  The  reasons  for  this  difficulty 
were  poor  extraction  procedures  and  slow  purification  steps  which 
resulted  in  poor  yields  of  an  apparently  unstable  protein. 
Apparent  instability  is  most  likely  due  to  contaminating 
proteases,  which  appear  to  be  specific  for  ADPRT,  thus  a  rapid 
decay  of  the  enzyme  molecule  ensues  during  slow  isolation 
procedures  reported  by  others  in  the  past.  Drs.  Buki  and  Kirsten 
developed  a  two  prong  affinity  column  system,  which  is  taking 
advantage  of  both  DNA  specific  and  NAD  specific  sites  on  the 
enzyme  protein.  The  Reactive  Red  120  and  Benzamide  affinity 
columns,  when  attached  in  tandem,  can  rapidly  and  efficiently 
produce  more  than  95%  homogenous  ADPRT  protein  within  a  short 
working  period  (2-3  days)  with  high  yields  (ref. 196), 
approximating  the  high  intracellular  concentrations  of  this 
protein,  determined  by  specific  antibody  binding  (ELISA)  tests  in 
intact  cells.  The  development  of  this  technology  was  the  key  to 
further  molecular  and  catalytic  studies . 
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Binding  Studies  of  ADPRT. 

Crucial  to  the  understanding  of  biological  activity  is  the 
precise  nu  ianism  of  ligand  binding  to  ADPRT.  This  work,  which 
is  also  the  theme  of  ongoing  and  future  work,  commenced  during 
this  grant  period  and  consisted  of  an  analysis  of  the  binding 
mechanism  of  benzamide  to  ADPRT  and  to  its  coenzymic  DNA  (194). 
Benzamide  was  known  as  a  competitive  inhibitor  of  ADPRT, 
competing  for  the  acid  amide  portion  of  of  the  nicotinamide 
component  of  NAD.  We  have  described  in  1983  (PNAS  80 , 7219-7223 , 
1983)  an  antineoplastic  effect  of  benzamide  in  human  fibroblasts, 
that  was  hard  to  explain  on  the  basis  of  "metabolic”  enzymatic 
inhibitory  effect  on  ADPRT  alone.  In  collaboration  with  the  X- 
ray  crystallographers  Drs .  Zacharias  and  Glusker  (Philadelphia), 
McLick  et  al .  investigated  two  binding  aspects,  namely  a  direct 
H-bonded  interaction  with  DNA,  as  modeled  by  a  co-crystal  of 
benzamide  and  ethyladenine ,  and  the  binding  of  benzamide  to  ADPRT 
protein  at  its  DNA  site,  which  is  distinctly  different  from  its 
NAD  site.  This  extensive  paper  (194)  demonstrates  that  the  cell 
biological  action  of  benzamide  (anticancer  effect)  need  not  to  be 
related  to  the  "metabolic"  activity  of  ADPRT,  but  to  a  DNA- 
binding  related  activity,  which  we  recently  identified  as  the 
DNA  "topological  activity  (198),  thus  binding  studies  predicted  a 
new  function  that  is  now  becoming  intelligeable  in  molecular 
terms . 

A  further  development,  originating  in  this  binding  and  X-ray 
diffraction  work,  was  then  elaborated  by  McLick,  Bauer,  and  Hakam 
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(193).  It  was  shown  that  binding  at  the  nicotinamide  site  of 

ADPRT  coincided  with  a  direct  association  of  ADPRT  inhibitors 

with  deoxyguanidine  sites  of  coenzymic  DNA  as  shown  by  covalent 

affinity  labeling,  enzyme  kinetics  and  NMR  and  HPLC  techniques. 

The  distance  between  the  NAD  and  DNA  binding  sites  on  the  protein 
o 

was  8.5  A,  a  molecular  dimension  which  has  predictive 
significance  in  constructing  ADPRT  ligands  with  potential 

pharmacological  (anticancer)  action,  since  molecular  modeling 
will  allow  us  the  construction  (synthesis)  of  drugs  that  "fit" 
into  the  sites  identfied  above.  These  results  had  two  major 
aereas  of  impact.  First,  it  became  increasingly  certain  that  a 
DNA  binding  site  and  an  NAD  binding  site  on  ADPRT  may  have 
different  physiological  significance .  Second,  from  bio-organic 

chemical  priciples  predictions  can  be  made  for  the  synthesis  of 
highly  effective,  but  presumably  low-toxicity  molecules,  if  the 
polypeptide  structure  of  ADPRT  and  of  binding  DNA  structures  are 
better  understood.  This  idea  guides  present  efforts. 

Critical  to  this  research  was  the  understanding  of  the 
coenzymatic  role  of  DNA  to  ADPRT.  From  existing  studies  of 
others,  the  general  dogma  professed  that  broken  DNA  serves  as  a 
cofactor  to  ADPRT.  If  this  is  true  then  relatively  short  linear 
DNA  fragments  should  exert  the  same  catalytic  function  on  aDPRT 
regardless  of  their  base  composition .  As  shown  by  Hakam,  McLick 
and  Buki  (195)  this  was  not  the  case,  since  the  catalytic 
efficiency  of  synthetic  octameric  duplex  ol igodeoxyribo- 
nucleotides  was  influenced  by  their  base  composition,  thus  a 
structural  internal  element  of  DNA  was  discovered  that  preceeded 
our  direct  demonstration  of  terminal  and  internal  binding  of 


ADPRT  (current  research).  The  advantage  of  the  specific 
coenzymic  function  of  synthetic  octamer  duplexes,  instead  of 
undefined  "coenzymic  DNA"  that  co-isolates  with  ADPRT  (196)  is 
becoming  of  great  importance  in  ongoing  work  related  to  molecular 
mechanisms . 

The  molecular  anatomy  of  ADPRT  was  further  clarified  by  Buki 
and  Kun  (199)  by  dissecting  this  molecule  into  peptidic  fragments 
with  the  aid  of  the  protease  plasmin.  Plasmic  fragments  defined 
a  29  kDa  terminal  basic  polypeptide  (containing  a  blocked  amino 
terminus),  a  36  kDa  (duplex)  basic  peptide  duett,  differing  only 
in  one  lysine  residue,  that  specifically  binds  DNA,  and  a  56  kDa 
neutral  polypeptide  that  was  cut  by  plasmin  further  into  14  and 
42  kDa  fragments.  The  NAD  binding  site  and  catalytic  center(s) 
are  associated  with  the  56  and  42  kDa  peptides,  and  the  14  kDa, 
which  is  lost  during  protease  action,  has  now  been  synthesized 
chemically  (collaboration  with  Cetus)  and  its  precise  role  is 
being  now  determined  (ongoing  research).  The  polypeptide 
structural  studies  further  yielded  significant  results  regarding 
polypeptide  sequences,  from  which  we  synthesized  various  DNA 
probes  for  the  identification  of  the  cDNA  for  ADPRT  in  E.coli 
containing  inserted  cDNA  fragments.  We  succeeded  to  obtain  a  cDNA 
probe  for  ADPRT,  however  further  work  was  curtailed  by  receiving 
no  continued  grant  support  from  AFOSR  to  complete  the  cloning 
project . 

However,  significant  progress  was  initiated  from  the  isolation 
of  the  plasmic  fragments  :  antibodies  were  developed  against  each 
peptide  and  their  effect  on  DNA,  NAD  and  histone  binding  to  ADPRT 
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determined,  a  subject  which  is  part  of  our  present  research. 

Perhaps  the  most  significant  result  of  this  work  was  the 
discovery  that  NAD  binding  alone  induces  large  conformational 
changes  in  ADPRT,  which  prohibit  DNA  binding.  This 
macromolecular  mechanism  (NAD  induced  conformational  change  in 
ADPRT)  is  of  utmost  significance  in  explaining  the  action  of 
other  ADPRT  ligands  on  cell  function  (see  below). 

Catalytic  Mechanisms  of  ADP-Ribosylation . 

Poly  ADP-ribosylation  enzymology  has  been  the  subject  of 
extensive  studies  in  many  laboratories,  and  an  ADPR-glutamate- 
carboxyl  ester  binding  group  has  been  identified,  presumably 
representing  the  structure  of  protein-ADPR  adducts.  This  ester 
bond  is  hydrolyzed  at  pH  9.5  -  12,  or  by  base-hydroxylamine , 
thus  behaves  like  a  fairly  stable  ester.  Investigating 

mechanisms  of  cellular  ADP-ribosylations  in  quasi-physiological 
systems  (cell  culture)  we  found  (187)  that  at  nanomolar 
concentrations  a  highly  base  unstable  mono-ADP-ribose-ADPRT 
adduct  was  formed  as  an  initiator  ADPR-Enzyme  adduct.  The  nature 
of  this  new  molecular  species  was  further  studied  by  Bauer  and 
Hakam  (189).  It  was  ascertained  that  the  bond  involved  in  the 
formation  of  mono-ADPR-enzyme  adduct  is  unstable  above  pH  6.0  and 
OH  ions  rapidly  hydrolyze  it  into  ADPR  +  free  enzyme,  accounting 
for  the  NAD-glycohydrolase  activity  of  ADPRT,  a  "side-reaction" 
catalyzed  by  this  enzyme  which  has  been  known  but  remained 
unexplained.  The  importance  of  the  mono-ADPR-enzyme  adduct 
consists  of  the  f^  that  it  explains  trans-ADP-ribosylat ions  (to 
either  stable  >»  oxyl  esters  on  the  ADPRT  molecule  or  to 
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histones).  We  also  utilized  this  mono-ADPR  reaction  in 
quantitation  of  ADPRT  (192),  results  which  we  now  confirmed  by 
direct  immunotransblot  assays.  Furthermore,  on  the  basis  of  this 
work  (187,  189)  we  presently  identified  the  chemical  structure  of 
the  ADPR-enzyme  bond  to  be  an  energy  rich  imidazolyl-ADPR,  a  work 
presently  pursued. 

As  a  technological  advance  Hakam  et  al.  (185)  further  developed 
HPLC  methodology  that  was  based  on  previously  reported  studies 
from  our  laboratory.  The  HPLC  method  is  especially  useful  for 
enzyme  mechanism  studies  and  also  foe  iji  vivo  polymer  etc. 
analyses . 


The  Second  Molecular  Activity  of  ADPRT . 

It  was  becoming  increasingly  apparent  that  the  metabolic 
enzymological  activity  of  ADPRT  (which  is  poly  ADPR  synthesis 
from  NAD)  by  itself  has  a  limited  capability  in  explaining  a 
physiological  role  of  this  protein  in  normal  cell  function.  In 
contrast  stands  the  DNA-damage  related  cell-suicide  mechanism, 
which  maximally  and  non-specif ically  activates  ADPRT  and  is 
opprative  only  under  catastrophic  artefactual  toxic  conditions. 
The  complex  DNA,  histone  and  NAD  binding  capability  of  the  ADPRT 
molecule  also  predicted  that  ADPRT  may  function  as  a  DNA  binding 
protein  intracellularly . 

The  work  of  Sastry  and  Kun  (198)  provided  direct  evidence  that 
identified  a  new  molecular  activity  of  ADPRT.  First  it  was  shown 
that  binding  of  ADPRT  to  restricted  genomic  DNA  is  greatly 
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augmented  (following  a  cooperative  type  kinetics)  by  histones. 
This  cl  .  ative  binding  mechanism  followed  an  ordered  addition 
mechanism  :  either  ADPRT  or  histones  have  to  bind  to  DNA  before 
the  second  macromolecule  (histone  or  ADPRT,  respectively)  is 
added.  This  macroscopic  order  of  addition  kinetics  has 
interesting  implications  in  the  nucleosomal  regulation  of  gene 
expression,  as  we  now  observe  in  recent  work.  The  binding  of 
ADPRT  to  DNA  has  a  remarkable  effect  on  DNA  conformation,  an 
observation  which  defines  a  novel  molecular  activity  of  ADPRT. 
When  closed  circular  SV40  DNA,  which  does  not  serve  as  a 
metabolic  coenzyme  to  ADPRT  (DNA  termini  are  required  for  this 
coenzymatic  function)  binds  ADPRT,  the  circular  DNA  condenses,  as 
assayed  in  a  topo-I  coupled  gel  system  (cf.  198).  It  is  apparent 
from  the  gel  pattern  that  enzyme-DNA  intermediates  are  formed, 
identifying  a  gradual  process  of  topological  transition  from 
relaxed  to  the  condensed  state.  NAD  binding  inhibits  the 
topological  effect  of  ADPRT,  consistent  with  our  observation  that 
NAD  has  a  large  conformational  effect  on  ADPRT  protein  structure, 
and  it  seems  plausible  that  the  ADPRT-NAD  complex  induced  ADPRT 
conformation  is  structurally  prohibited  to  alter  DNA  topology. 
However,  ligands  of  ADPRT  which  bind  not  only  at  the  NAD  site  but 
at  additional  enzyme  sites  (cf.  193,  194,  195)  re-con^ert  ADPRT 

to  DNA  topological  activation.  This  model  explains  the  cell 
biological  action  of  ADPRT  ligands,  since  the  in  vivo  inactive 
DNA  topological  capability  of  ADPRT  (inhibited  by  NAD  binding)  is 
inactivated  by  ADPRT  ligands  (other  than  NAD)  and  the  ensuing 
conformational  change  in  DNA  structure  then  produces  either  gene- 
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repressions  or  activations,  depending  on  the  specific  state  of 
DNA  in  a  particular  cell  type  (cf.197).  A  confirmation  of  this 
model  also  emerged  from  further  ADPRT-DNA  binding  analyses, 
carried  out  with  the  nuclease-protection  technique  (cf. 200).  It 
was  shown  in  linearized  ds-DNAs  that  ADPRT  binds  non-select ively 
to  DNA  termini  (producing  polymerase  activity  of  ADPRT)  and 
highly  selectively  to  internal  DNA  domains,  that  cannot  be 
characterized  by  specific  DNA  sequences,  but  rather  by  unusual 
(replication  oriented  ?)  structures.  In  all  cases  ADPRT  binding 
profoundly  changes  DNA  structures,  as  assayed  in  the  nuclease 
protection  tests,  thus  the  ligand  ADPRT  is  not  a  passive  binder, 
but  produces  significant  structural  changes,  undoubtedly  of  basic 
cell  physiological  importance. 

Our  present  work  is  aimed  at  the  detailed  mechanisms  underlying 
these  macromolecular  interactions. 

Cell  biological  studies  comprise  experiments  that  are  the 
consequence  of  our  original  discovery  in  1983,  demonstrating 
antineoplastic  activity  of  the  ADPRT  ligand  benzamide.  We 
subsequently  reported  in  1985  (ref. 185)  that  pretreatment  of 
human  fibroblasts  with  ADPRT  ligands  (benzamide  or  1,2- 
benzopyrone  etc.)  rendered  these  cells  resistant  to 
carcinogenesis  by  chemical  carcinogens.  This  phenomenon  has  no 
explanation,  unless  the  DNA  topological  catalysis  of  ADPRT  is 
invoked,  as  discussed  above.  To  ascertain  the  antineoplastic 
mechanism  of  ADPRT  ligands  we  constructed  a  rat  cell  to  contain  a 
dexamethasone  -inducible  gene  structure  (pMTV-EJ-ras  plasmid)  and 
determined  the  effect  of  the  ADPRT  ligands? benzamide  and  1,2- 
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benzopyrone  on  carcinogenic  growth  both  iri  vivo  and  iji  vitro 
(191).  Inhibition  of  tumorigenic  growth  was  obtained  without 
cell  killing,  indicating  the  conversion  by  ADPRT  ligands  of 
malignant  growth  to  non-malignant  proliferation.  Surprisingly, 
oncogene  expression  was  not  altered  at  the  time  growth  was 
stopped,  demonstrating  that  a  basic  regulatory  mechanism  of  DNA 
replication,  conversion  of  malignant  to  non-malignant  mode,  is 
being  primarily  regulated  by  the  drug  induced  topological  effects 
of  ADPRT. 

The  molecular  details  of  these  clearly  basic  discoveries  are 
being  studied  during  our  current  support  from  AFOSR. 
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